We previously reported that diabetes in mice is associated with the appearance of proinsulin-producing (Proins-P) cells in the liver. It was unclear, however, whether these Proins-P bone marrowderived cells (BMDC) merely transit through the liver or undergo fusion with hepatocytes, normally an extremely rare event. In this study, we found that, in diabetes, BMDC in the liver produce not only Proins but also TNF-␣, suggesting that diabetes reprograms gene expression in BMDC, turning on ''inappropriate'' genes. Bone marrow transplantation using genetically marked donor and recipient mice showed that fusion occurs between Proins-P BMDC and hepatocytes. Cell fusion is further supported by the presence of the Y chromosome in Proins-P cells in female mice that received male bone marrow transplantation cells. Morphologically, Proins-P fusion cells are albumin-producing hepatocytes that constitute Ϸ2.5% of the liver section area 5 months after diabetes induction. An extensive search failed to reveal any fusion cells in nondiabetic mice. Thus, diabetes causes fusion between Proins-P BMDC and hepatocytes in vivo, an observation that has implications for the pathophysiology of diabetes as well as the fundamental biology of heterotypic cell fusion.
R
ecent reports from different laboratories document that bone marrow-derived cells (BMDC) can fuse with hepatocytes in vivo, and such fusion events can contribute to liver regeneration (1) (2) (3) (4) . However, with the exception of unique genetic models, e.g., fumarylacetoacetate hydrolase (Fah)-deficient mice (1, 2) , in which wild-type BMDC confer a marked growth advantage, BMDC-hepatocyte fusion appears to be extremely rare. In a review article, Thorgeirsson and Grisham (5) estimated that transplanted BMDC generate hepatocyte-like cells in the liver at a frequency of Յ10 O4 . In fact, the yield of presumed BMDC-hepatocyte fusion cells ranges from 0 to Ͻ0.05% in Ͼ80% of reports published before August 2005 (5) . Apart from the rarity of the event, there is little information on whether BMDC-hepatocyte cell fusion is regulated by physiological body functions, and whether it is affected by pathological conditions other than the extreme example of Fah-deficient mice that received bone marrow transplantation (BMT) from Fahexpressing mice.
Our laboratory recently reported the appearance of proinsulin-producing (Proins-P) cells in the bone marrow of diabetic rats and mice (6) . The Proins-P BMDC migrate out of the bone marrow and populate different organs and tissues, including liver and fat. Because the phenomenon occurs in both type 1 and type 2 models, and can be duplicated by glucose injections in mice, hyperglycemia appears to trigger its occurrence. This interpretation is supported by the observation that Ϸ50% of unfractionated BMDC start transcribing insulin within days of incubation in high-glucose medium (7) .
Diabetes mellitus is a prevalent disease that affects Ϸ7% of the U.S. population and a rapidly growing proportion of the world population (8) . The fact that hyperglycemia per se causes the Proins-P BMDC to appear in the liver prompted us to ask whether these cells actually fuse with liver cells and, if they do, at what frequency. Fusion would also be relevant to the residence time (explaining the presence) of BMDC in the liver but not in many other organs (6) . We found that, indeed, fusion occurs between BMDC and hepatocytes in diabetic mice with a frequency that is at least Ͼ100-to 1,000-fold higher than that in nondiabetic controls. Thus, diabetes, a common pathological condition, produces major perturbations in the behavior of BMDC that may have significant pathophysiological implications.
Results

Proinsulin-Producing Cells in the Liver of Streptozotocin (STZ)-
Diabetic Mice. We produced diabetes in 8-week-old C57BL/6 mice by i.p. STZ injection and studied the diabetic mice 2 months later. By immunostaining, we found the presence of Proins-P cells in the liver of these mice but not of sham-treated nondiabetic controls [see ref. 6 and supporting information (SI) Fig. 6 ]. In situ nucleic acid hybridization revealed the presence of proinsulin transcripts in STZ-diabetic and not control mouse liver (SI Fig. 6 c-f ), indicating that cells in the liver of diabetic animals have the potential to synthesize proinsulin, and the immunostaining comes from proinsulin production in situ and not its uptake from the circulation. At 2 months after STZ, 1.1 Ϯ 0.4% of the liver sections were occupied by Proins-P cells. At 5 months, the total area of Proins-P cells increased to 2.5 Ϯ 1.1%, and at 8 months, it stayed at 2.5 Ϯ 0.1%. As noted previously, the Proins-P cells do not secrete sufficient insulin to affect directly the glucose homeostasis of the diabetic mice. However, they are a convenient marker for a subpopulation of BMDC formed in response to the hyperglycemia (see below and ref. 6 ).
Bone Marrow Origin of Proins-P Cells in the Livers of Diabetic Mice.
We next performed BMT from GFP mice (transgenic mice that constitutively express GFP) to Rosa mice (transgenic mice that constitutively express ␤-gal), induced diabetes in the BMT recipients with STZ and examined their livers 8 weeks later. Immunohistochemical analysis revealed the presence of GFPpositive BMDC scattered in liver sections of both diabetic and nondiabetic mice (Fig. 1 a-c and g-i) . On higher-magnification ( Fig. 1 d-f and j-l) , only in diabetic mice did we find evidence of overlap staining of GFP with ␤-gal immunoreactivity (which marks cells of recipient mice, Fig. 1f ), suggestive of BMDChepatocyte fusion cells in these mice. GFP and ␤-gal coexpression was not detected after an extensive search in nondiabetic liver sections ( Fig. 1 g-i) , indicating that, in the absence of diabetes, fusion of BMDC and liver cells, if it occurs at all, is a very rare event.
Diabetes-Induced Proins-P BMDC also Express TNF-␣. By RT-PCR, we found expression of both proinsulin and TNF-␣ mRNA in the livers of diabetic mice ( Fig. 2A) . Confocal laser microscopy and immunofluorescence staining revealed that Proins and TNF-␣ expression largely overlapped in the same cells (Fig. 2B) . Nondiabetic mice displayed no evidence of insulin or TNF-␣ mRNA by RT-PCR ( Fig. 2A) . Immunofluorescence staining revealed only occasional tiny specks of fluorescence that was very different from the major staining pattern observed in diabetic mice (Fig. 2B, see below) .
To confirm the bone marrow origin of TNF-␣-expressing cells, we examined Rosa mice after they had received BMT from GFP donors and STZ-diabetes induction. Confocal laser microscopy demonstrated coexpression of GFP (indicating BMDC origin), Proins, and TNF-␣ in the livers of diabetic recipients ( Fig. 3 d  and h ). In contrast, in nondiabetic controls that had undergone BMT, despite the presence of many GFP-positive cells (BMDC from GFP donors) scattered in the liver of recipient animals ( Fig.  3 i and m) , these cells never showed overlap staining with ␤-gal staining (marking recipient liver cells). We also failed to detect any Proins-P cells in the livers of nondiabetic mice.
The demonstration of immunoreactive proinsulin and TNF-␣ required the use of an antigen-specific first antibody; in its absence, the fluorescent signals in the livers of diabetic mice are almost completely gone (Fig. 2C) , indicating the specificity of the reaction (see below). However, tiny scattered specks of fluorescence were detectable in occasional sections in the absence of first antibody ( Fig. 2C a and b , small arrows) and also in sections of nondiabetic mouse liver with or without first antibody ( Fig. 2B d-f, small arrows). We tested the hypothesis that these signals represent nonspecific autofluorescence.
BMT and Spectral Analysis Confirm the Presence of Proins-P Cells in
the Livers of Diabetic Mice. Whether a fluorescent signal comes from GFP is betrayed by its spectral emission pattern. We first examined the fluorescence signals of GFP in the pancreases of nondiabetic MIP-GFP mice [that express GFP driven by the mouse insulin promoter (9)]. The green fluorescence in pancreatic ␤ cells displayed a spectral emission profile with a peak at 507-512 nm, as predicted for GFP (SI Fig. 7 e and f ). We next analyzed the green fluorescent signals in the liver of diabetic MIP-GFP mice 8 weeks after STZ. Confocal laser microscopy revealed an uneven distribution of green fluorescence; the emission spectrum of the strongest fluorescent areas was that of GFP (SI Fig. 7 a and b) . In STZ-diabetic and nondiabetic MIP-GFP mice, as well as in STZ-diabetic and nondiabetic wild-type mice, we observed occasional low level green-yellow fluorescent structures in the liver (SI Fig. 7 c, g, and i) ; spectral analysis revealed a nonspecific, low level broad spectral profile different from that of GFP (SI Fig. 7 d, h, and j) . The area density of such nonspecific fluorescent signals was low compared with the GFP-positive areas, although it was increased in STZdiabetic mice 2 months after diabetes (0.47 Ϯ 0.06% liver) as compared with that in nondiabetic animals (0.28 Ϯ 0.02% liver). The reason for the small increase in nonspecific fluorescence in diabetes is unknown. Despite extensive search, we failed to detect any fluorescent signal with GFP type of emission spectrum in the liver of nondiabetic mice.
Proins-P BMDC Undergo Fusion with Hepatocytes in Diabetic Mice.
Fusion between BMDC and hepatocytes is an extremely rare event in normal mice (5), a conclusion also supported by the lack of overlap staining of GFP donor-BMDC and Rosa recipient liver cells (Fig. 1 g-l, see above) . Because Proins-P BMDC are present at a substantial density in the livers of diabetic mice (Ϸ1-2.5% in 2-to 8-month-old diabetic mice, see above), we asked whether cell fusion has occurred between Proins-P BMDC and hepatocytes in these animals. Although Fig. 1 a-f strongly suggests that fusion may have occurred, we sought to corroborate the finding with spectral analysis. We transplanted bone marrow cells from MIP-GFP donor mice (Proins-P cells would be marked by GFP expression) to Rosa recipients. Confocal laser microscopy of liver sections of recipient mice after diabetes induction revealed punctate fluorescent structures in the cytoplasm of hepatocytes that also express ␤-gal (Fig. 4 Aa-Ac).
Authenticity of GFP expression was confirmed by its characteristic spectral emission pattern with a peak at 502-507 nm (Fig.  4Ad) . To identify ␤-gal-positive cells of recipient mice, we used rabbit anti-␤-gal first antibody and Cy3-labeled anti-rabbit IgG second antibody for immunostaining. This strategy allowed us to document ␤-gal expression by the characteristic Cy3 spectral pattern (with a peak at 568-573 nm, spectra 2 and 3, Fig. 4 Ac and Ad) with evident overlap with GFP expression.
To obtain additional independent evidence that cell fusion has indeed occurred, we performed BMT between male MIP-GFP donors to female Rosa recipient, and produced diabetes in the recipients by STZ. We detected by FISH the presence of the Y chromosome in the nuclei of the same cells that harbored GFP and ␤-gal in the cytoplasm (Fig. 4Ba, arrow) . These cells are hepatocytes by morphology; furthermore, they produce albumin, a hepatocyte-specific protein, in the cytoplasm (albumin labeled red in Fig. 4Bc , arrow indicates Y chromosome). In nondiabetic control BMT recipients, neither GFP nor the Y chromosome was found in any of the hepatocytes, which stained positive for ␤-gal and albumin (Fig. 4 Bb and Bd).
Proins-PBMDC in MIP-GFP Mice Harbor GFP, Ins1, and TNF-␣ Transcripts. We performed laser capture microdissection (LCM) to confirm the coexpression of GFP, Ins1, and TNF-␣ in specific regions of the liver of MIP-GFP mice. We first used confocal laser microscopic analysis, followed by LCM isolation of RNA. RT-PCR analysis of these samples confirmed the coexpression of these molecules observed by microscopy. (SI Text and SI Fig. 8 ).
Insulin Treatment Prevents the Appearance of Proins-P BMDC in the
Livers of Diabetic Mice. To ensure that diabetes, and not STZ toxicity, leads to the appearance of Proins-P BMDC in the liver, we treated a group of mice 2 days after STZ treatment with insulin, significantly reducing hyperglycemia (Fig. 5Ba) . Immunofluorescence-overlap staining coupled with spectral analysis showed that the density of the Proins-P cells and TNF-␣-positive BMDC in diabetic mice at 2 months (Fig. 5 Ac and Ad) was substantially reduced by insulin treatment (Fig. 5 Ae and Bb and c). Thus, the degree of hyperglycemia, and not STZ toxicity, correlates with the induction of Proins and TNF-␣ gene expression of BMDC in the liver.
Discussion
Postnatal heterotypic liver cell fusion is extremely rare (5), and there is no information on its regulation by common pathophysiological processes. In this study, we tested the hypothesis that a common disorder, diabetes mellitus, may cause BMDChepatocyte fusion in vivo. We advanced this hypothesis because of the unexpected observation that type 1 and type 2 diabetes in mice and rats leads to the appearance of Proins-P cells outside the pancreas. These cells originate from the bone marrow and populate the liver and fat (6) . We designed experiments to determine whether the Proins-P cells in the liver represent BMDC transiting the hepatic circulation or whether they have actually fused with hepatocytes. Moreover, if BMDC do fuse with liver cells, what is the frequency of BMDC-hepatocyte fusion events in diabetes, whether such events occur in the absence of diabetes, and, if they do, at what frequency.
We performed BMT between mice transgenic for different marker genes (summarized in Table 1 ) and found that, indeed, Proins-P BMDC undergo fusion with hepatocytes in diabetic mice, a conclusion based on combinations of genetic markers that specifically tag the cells of donor and recipient origin; markers used include transgenic proteins, e.g., GFP and ␤-gal, a natural protein marker, albumin, and the unique diabetesinduced BMDC marker, proinsulin (6) , as well as the Y chromosome coming from male BMT donor cells detected in female recipient hepatocytes. In confirmation of the extreme rarity of fusion between BMDC and hepatocytes in normal animals (5), the same experimental strategies that documented fusion cells in diabetic mice failed to reveal a single instance of fusion between BMDC and hepatocytes in nondiabetic mice.
In the only other tissue in which diabetes-associated fusion cells occur is the nervous system, in which fusion between BMDC and nerve cells appears to be important in the pathogenesis of diabetic neuropathy (10) . Poorly controlled diabetes is associated with liver dysfunction (11, 12) and increased prevalence of significant hepatic pathologies, including cirrhosis (13) and hepatocellular carcinoma (14) (15) (16) . We surmise that fusion of BMDC with hepatocytes in diabetes renders the latter susceptible to these pathologies, given the fact that cell fusion may contribute to carcinogenesis and other cellular abnormalities (17) (18) (19) . To date, there is little information on the factors that control heterotypic fusion between BMDC and cells in liver, brain, or heart (1-3, 10, 20-22) . Herein, we have uncovered that diabetes, a common pathological condition, is a potent inducer of heterotypic cell fusion in vivo. Cell-cell fusion is crucial to normal embryonic development. In adult animals, heterotypic fusion is rare and usually occurs between specialized cells, e.g., sperm-egg (23) . Most mature differentiated cells seem to guard against spontaneous heterotypic fusion, which could have detrimental consequences (10, (17) (18) (19) . Thus, the BMDChepatocyte fusion in mice is noteworthy, being observed only in diabetic mice and not in nondiabetic animals. Furthermore, the frequency of Ϸ2.5% is remarkable as compared with the other well documented BMDC-Purkinje cell fusion which has a frequency of Յ0.1% (21) .
In conclusion, diabetes is associated with fusion between Proins-P BMDC and hepatocytes in mice. Fusion occurs rarely, if at all, in the absence of diabetes. Moreover, in addition to turning on proinsulin expression, the diabetic state also induces TNF-␣ expression in BMDC, consistent with diabetes causing reprogramming of bone marrow cells to express ''inappropriate'' genes. We speculate that among these are fusion-promoting genes, and dysregulated gene expression in BMDC and/or hepatocytes predisposes them to fuse with each other (24) . Thus, diabetes-induced abnormal gene expression is important not only from the standpoint of the pathophysiology of diabetes (25) (26) (27) but also from the standpoint of the fundamental biology of cell fusion and its regulation (24) .
Methods
Animals and BMT. Wild-type (C57BL/6JJcl, CLEA Japan, Tokyo, Japan) mice, ROSA (B6.129S7-Gt(ROSA)26Sor/J, The Jackson Laboratory, Bar Harbor, ME) mice, MIP-GFP mice (9) and GFP Tg mice (C57BL/6-Tg(UBC-GFP) 30 Scha, The Jackson Laboratory) were used. Diabetes was induced by i.p. STZ (150 mg/kg) at 8 weeks of age, and diabetic animals were used for experiments at 2, 5, or 8 months later. For BMT, female ROSA mice were irradiated (9 Gy) and injected with 4 ϫ 10 6 bone marrow cells isolated from male GFP mice or MIP-GFP mice. We induced diabetes by STZ injection 4 weeks after BMT; analysis was performed 8 weeks later.
Confocal Laser Scanning Microscopy with Spectral Imaging Analysis.
Mice were perfused with sterile saline via the left ventricle to wash out the blood. We took out the liver and pancreas and froze them in liquid nitrogen. Five-micron-thick frozen sections were cut in a cryostat and embedded on MAS-coated glass slides. Embedded sections were fixed with 1% paraformaldehyde (PFA) in 0.1M PBS for 15 min at 4°C, washed several times with PBS. Some sections were immediately observed under confocal laser scanning microscopy (C1si; Nikon Instech) to detect GFP fluorescence, other sections were processed for immunofluorescence-overlap staining.
For immunofluorescence-overlap staining, fixed sections were incubated with the mixture of antibodies against proinsulin (guinea pig polyclonal; Progen Biotechnik, Heidelberg, Germany) and TNF-␣ (goat polyclonal; Santa Cruz Biotechnology, Santa Cruz, CA), or incubated with antibody against ␤-gal (rabbit polyclonal; Biogenesis, Poole, U.K.) diluted 1:1,000 in PBS for 2 h at room temperature (RT). Sections were washed with PBS and further incubated with the mixture of FITClabeled anti-guinea pig IgG (Chemicon, Temecula, CA) and Cy3-labeled anti-goat IgG (Chemicon) or incubated with Cy3-labeled anti-rabbit IgG (Chemicon) diluted 1:1,000 in PBS for 1.5 h at RT. In some sections, nuclei were stained with TO-PRO-3 iodide. Finally, sections were observed under confocal laser scanning microscopy (C1si or LSM 510; Nikon, Carl Zeiss). To further define the specificity of the immunolabeling, sections were stained with fluorescence-labeled second antibody without first antibody.
Spectrum imaging analysis combined with confocal laser scanning microscopy (C1si; Nikon) was applied on GFPexpressing cells or multicolor stained cells. Excitation wavelength was set at 488 nm for nonstained sections, whereas it was set at 488/543 nm for immunofluorescence overlap-stained sections. To clarify GFP-expressing or specific immunopositive cells from autofluorescence, an emission profile of the fluorescence was obtained from each structure seen under confocal laser microscopy.
Quantitative Morphometry of Proinsulin-or TNF-␣-Positive Cells.
Fluorescence-positive images detected under laser scanning microscopy were transmitted to the image-analyzing system MetaMorph (Ver. 4.6; Nippon Roper, Chiba, Japan). A mean value of area percentage of positive cells in the liver of each animal was determined by sampling from seven sections at ϫ20 
